Landslide activity along U.S. 50 in Cincinnati, Ohio has caused roadway damage for decades. After a necessary closure of 3 lanes due to slope movements, emergency stabilization measures were undertaken to protect the roadway by providing a "pseudo" long-term solution (target 3 to 5 years) necessitated by ODOT budget constraints.
The landslide shear plane was near the top of a sloping bedrock surface as much as 50 feet below grade. Drilled shafts were installed 40 feet downslope of the roadway shoulder. The shafts were heavily reinforced across the shear plane but steel reinforcing did not extend the full length of the shafts and was stopped well short of the ground surface. The goal was to provide shear resistance across the failure plane, forcing the theoretical failure surface higher into the overburden soil profile, resulting in a comparatively higher safety factor against slope failure. These "Stub Piers" were installed and found to meet all of the project goals.
The stub piers and surrounding ground were instrumented and preliminary analysis of collected data showed earth pressures and horizontal deflections were overpredicted in the original design. Instrumentation by means of inclinometers, vibrating wire earth pressure cells, and strain gages has been monitored over a period of about 6 years since construction of the Stub Piers and results indicate this option offers much more than a short-term solution to the problem.
INTRODUCTION
Landslide activity has occurred along U.S. Rt. 50 in western Cincinnati, Ohio for many decades. The site is located between North Bend and Addyston, OH, on the right descending (cutting) bank of the Ohio River, at about river mile 485.25. The landslide activity along this area has been on-going for many years. Slope and road movements have required periodic repairs over recent decades. The railroad tracks downslope of the roadway also show signs of horizontal displacement and periodic repair. Visual evidence suggests the shear plane extends below the roadway at deep levels and extends out into the Ohio River.
In brief review, the road elevation at the time of our original site study was at about 508 to 516 ft., increasing in an East-Northeast direction. A weed and brushcovered slope extended southwest and downward toward the Ohio River at about 3H:1V. The slope rose more than 100 feet above the roadway. On the downhill side of U.S. 50, grade sloped down about 15 to 20 feet in elevation to a railroad right-of-way at about elevation 490 ft. The riverbank then sloped down at about 2.5H to 3H:1V to the water's edge. Normal pool elevation of the Ohio River is 455 ft.
H. C. Nutting, a Terracon Company (Terracon) was retained by the Ohio Department of Transportation (ODOT) to perform a geotechnical study that included 17 test borings and inclinometer monitoring at 4 locations. After only a few weeks of monitoring, the inclinometer casings sheared off about 50 feet below grade, near the soil / bedrock interface. Soon after, the roadway distress worsened, causing ODOT to close 3 of the 4 lanes to traffic and reroute traffic onto the remaining lane and shoulder. Terracon was asked to develop a stabilization design under emergency repair conditions. However, funds were limited at the time, necessitating a direction by ODOT that the solution be at least "pseudo" short-term (3 to 5 years).
The on-going landslide displayed deep-seated movement extending down to the top of bedrock, about 40 to 50 feet below present grade. The toe of the slide most likely extended out into the Ohio River. Terracon was asked to develop a stabilization design under emergency repair conditions. However, funds were limited at the time, necessitating a direction by ODOT that the solution be at least "pseudo" short-term (lasting perhaps 3 to 5 years).
The use of a toe berm or MSE-type retaining wall was not considered practical or feasible for remediation due to the ODOT right-of-way limitations and also because such a repair method would add unwanted load and driving forces to the landslide. Such a load could possibly accelerate slope movements.
The use of a "soil nail launcher" was also discussed with ODOT. This method of remediation was not considered feasible either. The slide plane extends to bedrock and the soil nails installed by this launching technique would not likely extend deep enough nor provide the level of shear and passive restraint needed.
The most appropriate and effective long-term remedial measure appeared to be the construction of a soldier pile or drilled pier wall containing multiple rows of tieback anchors. The anchor installation would likely involve substantial excavation for equipment access to install multiple tiers of tieback anchors. While effective, this method would involve significant cost. After discussions with ODOT, it was our understanding that a sufficient budget was not currently available for "permanent" repair. Instead, ODOT requested a recommendation from Terracon for a "temporary" repair. The primary goal was to allow U.S. 50 to be reopened and maintained open for some period of time (3 to 5 years). This period of time would allow for budget and plans to proceed with a more permanent solution.
Due to the significant depth to bedrock and the deep shear plane, the use of "stub piers" was proposed by Terracon as the "pseudo-temporary" repair. A series of heavilyreinforced drilled piers were designed and constructed. The pier reinforcement was somewhat unique when considering more standard practice in the Cincinnati local area. Details are presented in the following paragraphs, as well as instrumentation results.
GEOLOGIC SETTING
The overburden profile consists of cohesive embankment fill, alluvium, colluvium, and residuum. Fill ranges from 10 to 25 feet deep and is underlain by alluvium that is interbedded and sometimes lying atop colluvium. Colluvial clays are formed by action of gravity and have slickensides with random orientation. Residuum is also present in some areas at a thickness of about 3 feet. Residuum is a soil formed from the in-place weathering of the underlying parent bedrock.
Bedrock lies between 31 and 50 feet deep. Typically, gray shale and limestone occurs. However, about 3 feet of brown weathered shale with limestone occurs in some locations above the gray shale. The horizontally-bedded shale and limestone belongs to the Kope Formation (Ordovician System) and includes shale that rates as very soft to soft in terms of bedrock hardness. There are numerous documented landslides in this local geologic setting. Shale comprises about 90% of the Kope's mass. Very hard limestone makes up the remainder, occurring in layers up to about 1.5 inches thick. Figure 1 provides a general subsurface profile illustration.
The Ohio River in this area has a normal pool elevation of 455 feet and official flood elevation of 485 feet. The 100-year flood elevation is 501 feet while the highest recorded river level in Cincinnati occurred during the 1937 flood at elevation 512 feet. With the U.S. 50 roadway elevation at 508 to 516 feet and the railroad at 490 feet, at least the lower portions of this slope are subject to periodic flooding and river drawdown conditions. These conditions worsen the overall slope instability.
FIG. 1: Typical Subsurface Profile

RIVER STAGE AND PRECIPITATION ANALYSIS
Hagerty (1983) studied the combined effects of elevated river stage and precipitation on riverbank stability along the Ohio River. That research evaluated 10-day cumulative rainfall combined with river stage. The writers have some experience with this and have seen relatively good correlation between significant combinations of the coincidental occurrence of these two factors with actual observed slope movements along the Ohio River. A similar review was performed for the subject site. Reference is made to Figure 2 showing date versus both the Ohio River elevation and 10-day-cumulative precipitation over a period spanning from November 2004 through December 2006. The 10-day cumulative precipitation plotted for any given day was computed by adding daily precipitation for that day plus the previous 9 days. We have also assumed any recorded snowfall depth to be equivalent to rainfall depth at a ratio of 10%. In other words, a snowfall of say, 1.1 inches was assumed to equal 0.11 inches of rain, as an approximation.
FIG. 2: Ohio River Stage in Cincinnati vs. 10-Day Cumulative Precipitation
When both the river elevation and 10-day cumulative precipitation curves are reviewed in unison, some rather significant events become evident: It is interesting that these events correlate rather well to observed slope movements during the course of this study. For example, the inclinometer casings installed during the initial study sheared off in a relatively short period about March or April, 2005, corresponding to both events 2 and 3 listed above. Event No. 1 was just prior to that time period and may have actually set the whole slope in motion at the time the initial test borings were being drilled. Event No. 1 appears to be the most significant for the duration shown on This analysis has shown reasonably good comparison between observed accelerated slope movements and a combination of elevated river stage (and associated drawdown) and elevated events of cumulative 10-day precipitation.
STUB PIER DESIGN APPROACH
The assumed repair method included a single row of straight-sided drilled piers socketed into bedrock. Due to the thickness of overburden, a tieback anchor system would be required to support these shafts as a more permanent repair method. However, as directed by ODOT, the primary goal here was to develop a temporary repair scheme within a specific budget. Therefore, it was assumed that the reinforced concrete piers only extend part of the way upward through the overburden soils. These "stub piers" were assumed to be closely spaced where soil arching could be assumed to make the piers behave as a continuous wall. The piers would therefore force a theoretical shear plane upward from the bedrock surface to above the pier butt elevation.
The selected design consisted of a single row of cantilevered drilled shafts located within the right-of-way about 40 feet downslope of the roadway shoulder. The shafts would be socketed into bedrock. The innovative and cost-effective aspect of this scheme involved the steel-reinforcing length. Only the zone near the deep shear plane would be heavily reinforced, thus creating shear pin-type support. The structural steel would be terminated as much as 35 feet short of the ground surface.
From an analytical point, the short-term solution criterion was quantified by slope stability analyses. Laboratory tests were conducted and soil parameters were then adjusted slightly for the failed slope condition (safety factor of 1.0) and observed shear plane depths. Then, the shear plane was forced upward to the planned top-of-steel elevation of the stub piers. This process resulted in a theoretical safety factor increase from the original 1.0 to about 1.2 (see Figure 3) . ODOT was conferred with and they agreed with this potential improvement, as a short-term solution. Stub pier design details were then developed. The lateral earth pressure was estimated assuming triangular pressure distribution from the ground level to the shear plane. This resulted in a trapezoidal-shaped earth pressure diagram acting on the piers. For potential arching effects above the steel, it was assumed that the contributing pressure extended to one pier diameter above the top-of-steel. This estimated earth pressure was also checked using slope stability analysis to compute the resisting pressure required to generate a safety factor of 1.2. Refer to Figure 4 for schematics of the assumed earth pressure diagram.
FIG. 3: Slope stability schematic.
FIG. 4: Earth Pressure Schematic
Stub pier design was developed using the LPILE computer program. The drilled shafts included 30 and 36-inch diameter units and were socketed 10 to 15-ft. into gray unweathered shale bedrock. The steel reinforcement within the drilled shafts consisted of rolled steel sections that included HP14X73, W18X119, and W24X117. In some cases, additional bending resistance was necessary and developed by welding a steel plate to the uphill face of the beam. The steel extended to the bottom of the hole; however, it was limited in length and only extended about 20-ft. above the top-of-rock. Therefore, steel beam lengths ranged from 30 to 35-ft. and stopped well short of the ground surface. The top-of-steel was essentially determined to be the top-of-shaft, thereby assuming that shear failure of the slope could occur at the top-of-steel. The shaft opening above the steel was backfilled with either unreinforced structural concrete or a lean concrete fill, as determined by ODOT in the field. Based on visually observed limits of the most severe landslide movements, Terracon provided suggestions on various options of drilled shaft coverage to ODOT. After review of that information, ODOT elected to have 154 shafts installed on 5-ft. centers.
Due to the limited height of the reinforced section of these shafts (with their tops occurring well below grade), they were essentially deemed to act as shear pins installed across the deep failure plane. For the presentation purposes these shafts have been termed "Stub Piers." Information supplied by ODOT indicated the cost for stub pier installation was about $500,000.00 (in 2005 dollars). This cost included drilling, reinforcing, and backfilling 154 stub piers. As-built quantities included 8386 feet of shaft drilling, 1485 cu. yds. of concrete backfill, 553 cu. yds. of flowable fill backfill, and 273 tons of structural steel beams plus stiffening plates.
INSTRUMENTATION
ODOT approved a Terracon-recommended instrumentation program to order to monitor the slope, verify that the stub piers were meeting design goals, and to help confirm design assumptions. This program began shortly after construction was underway. Locations for instrumentation devices were selected for their critical locations, as well as to coordinate with the contractor's activities and schedule.
The instrumentation program consisted of the following:
1. Five Inclinometers were installed within selected Stub Piers.
2. Four Inclinometers were installed about 30 feet upslope of selected Stub Piers.
3. Two Inclinometers were installed about 10 feet downslope of selected Stub Piers.
An inclinometer consists of a specially grooved PVC pipe that is socketed into bedrock or another fixed reference. Readings are taken by lowering the inclinometer probe down the pipe to obtain a profile of the horizontal displacement from its original position.
4. Three Push-In Earth Pressure Cells (Geokon Model 4830) were installed within boreholes located about 8 to 10 feet upslope of selected Stub Piers. These devices were located about 40 to 45 ft. below grade and were installed with the intent of being just above the bedrock surface (close to the interpreted shear plane). These devices measure total pressure in the soil.
5.
At two piers, six strain gages were installed per pier (four on the tension side and two on the compression side. The strain gages (Geocon Model 4000 Strain Gages, weldable mounting blocks, plucking coil and thermistor) were weldable vibrating wire gages that were welded directly to the steel beam/soldier pile. A thermistor is integrated into the strain gages to account for temperature induced strain. Individual pieces of angle iron were welded over the strain gages to prevent damage during concrete placement.
The strain gage cables were extended up the two respective stub piers to the ground surface. These cables, as well as the earth pressure cell cables, were routed laterally to a terminal box, which was installed on a post embedded within the top of a nearby Stub Pier. The lateral distance from the terminal box to either of the strain gage-instrumented piers was about 40 feet.
INSTUMENTATION DATA REVIEW
Measured horizontal deflections over a 6-year period following Stub Pier construction indicates the Stub Piers have performed well. The horizontal deflections at the top-of-steel beam elevation at the five instrumented piers are less than 0.75 inches. The average deflection rate for these inclinometers is less than 0.1 inch per year. For comparison, horizontal deflection was predicted during design using the computer program LPILE. The theoretical value at the top-of-steel was about 4-inches and thus, well above values measured from the inclinometers embedded within the piers. While the readings at the ground surface are less meaningful, since the upper elevations of the inclinometer casing may be embedded in no more than unreinforced flowable fill, horizontal deflections are less than 2 inches and appear to be increasing at a rate of about 0.3-inch per year.
There were four inclinometers installed about 20 to 30 feet upslope of the Stub Piers and they indicate horizontal deflections less than about 1.25 inches (or a rate of less than 0.2 inches per year).
Finally, there were two inclinometers installed about 10 feet downslope of the piers. After six years, the maximum horizontal deflections (at grade) are less than 1 inch.
These measurements show there is still some residual creep movement downslope of the piers, but at a rate less than 0.2 inches per year.
Overall, the five inclinometers installed within the stub piers collectively showed the shear plane had indeed been successfully cut off and well-supported. Not all inclinometer data is reproduced here, but representative plots are shown on Figures 5a, b , and c.
FIG. 5.a.:
Typical inclinometer results showing horizontal displacement before construction. . on the previous page shows a typical inclinometer installed within a stub pier. This inclinometer casing was anchored to the inside of the steel beam's web and flange before the steel was lowered into the pier excavation and then backfilled with concrete. In some cases, the contractor elected to fill the pier excavation above the topof-steel with low strength flowable fill (which was allowed). From the three installed earth pressure cells, measured horizontal earth pressures six years after construction ranged from 954 to 2708 lbs./sq. ft. While these devices were installed at relatively close spacing and similar depths, we suspect two of the devices may have rotated before being seated at the bottom of the borehole and therefore would not have had their sensors laying perpendicular to the slope forces. In any event, the maximum measured value (2708 lbs./sq. ft.) compared more closely to the assumed earth pressure based on conventional earth pressure theory. The original design assumptions generated a theoretical earth pressure of about 3470 lbs./sq. ft.
Theoretical analyses used conventional earth pressure theory to assume lateral earth pressure distribution on the stub piers. Also recall that vertical soil arching was assumed adding applied lateral pressure to a height of one pier diameter above the top-ofsteel. LPILE analyses were conducted to determine the required pier size and steel reinforcement during design.
Comparisons were made between the maximum bending moments and average earth pressures between the original theoretical design analyses and those estimated from measured strain gage data. Results of those comparisons are described below.
Strain gages were installed on Stub Pier steel at Piers 96 and 110. For each of these piers, the depth to bedrock was over 40 feet. The measured or "apparent" strain was converted to bending strain by subtracting the calculated compressive strain due to the weight of the pier above (carried by steel and concrete) from the measured apparent strain. The bending stress and bending moment were then computed from the bending strain value at each strain gage location. The computed bending moments based on these measured strains were well below theoretical estimates generated from the original LPILE analyses. For example, bending moments on the tension side of the steel were computed from strain gage readings to be approximately 25 percent of the LPILE results. Additionally, the strain gage data generated bending moments significantly higher on the tension side than the compression side of the steel. One potential explanation could be that the concrete contribution in resisting bending is neglected in the analysis.
One significant inconsistency in the strain gage data occurs when earth pressures are back-calculated from the computed bending moments. These earth pressures are a fraction of those generated by earth pressure theory and are also well below those measured in the three earth pressure cells. There is no clear explanation for these results.
While there are some inconsistencies in the back-calculated bending moments and earth pressures, the overall monitoring program results suggest that the Stub Pier approach achieved the goal of creating short-term stabilization of the roadway embankment and may in fact provide much longer-term stabilization of this slope.
The owner (ODOT) realized a successful repair solution because the repair was designed and constructed quickly, where the 154 stub piers were installed and the roadway repaved in under 3 months time. The costs were significantly less than the alternative of a tieback-anchored drilled pier arrangement. A tieback approach would likely have involved excavating and installing multiple rows of tiebacks due to the 56 ft.
(maximum) depth between ground level and the shear plane. Excavation materials would have had to be removed from the site to avoid stockpile loads, only to be returned later for burying the deeper tiebacks. A much longer construction period would have been required at significant inconvenience to roadway users. Finally, a tieback anchor and drilled pier approach cost was estimated to be about 3 to 4 times the cost of the constructed stub pier approach. Finally, the stub pier approach appears to be functioning well after six years and may provide many more years of support, exceeding the original goal of providing a "short-term" solution.
